Fiber reinforced polymer structures typically respond very poorly to transverse impact events. In this study, some experimental investigations are performed on the low velocity impact behavior of unidirectional hollow, solid and hybrid (hollow/solid) polyester fiber composites. The materials are fabricated in a curved shape using filament winding method. The impact tests are applied on the simply supported specimens by a drop weight impact test apparatus at five levels of energy.
INTRODUCTION
The impact behavior of composite materials is an important area of research. Fiber reinforced polymer structures typically respond very poorly to transverse impact events. In many cases, damage is not visible on the surface; however internal damage can reduce residual strength of composite significantly [1] . Some studies have focused on effective ways to improve the impact behavior of composites. So far, different methods, to improve impact resistance of composites, have been used and achieved some degrees of success. Some of these methods include interleaving Nylon-66 nano fibers [2] , modifying the composite system using multi-wall carbon nanotubes [3] , natural rubber [4] , toughened matrix, stitching, z-pin reinforcement [5] , rubber-toughening of thermoset resins, reduction of crosslink density in resin [6] .
Another idea which can be taken into consideration is the use of hollow glass fibers. This idea has been used in some researches since 1963 [7] [8] [9] [10] [11] to reduce weight with minimum performance loss and demonstrate some structural efficiency [7] . However, such brittle hollow glass composites had a very low transverse compression strength compared to the solid ones. Thus they were inappropriate for applications where the impact tolerance is important [8] .
In a comparative study on the impact behavior of hollow and solid S2 glass fiber laminates carried out by Boniface et al. [9] , it was observed that the damaged area of impacted hollow fiber laminates was reduced due to the local crush of the hollow brittle channels at the impact point. There was also an increase in the absorbed energy compared with solid fiber laminates.
The present study focuses on the impact tolerance of epoxy-matrix composite materials fabricated with hollow and solid thermoplastic fully-drawn polyester fibers. This kind of high modulus ductile fibers can solve the problem of hollow fiber breakage at the impact point. In other words, the local elastic deformation of hollow fiber composite at the transverse direction causes the energy of the striker to be absorbed at the impact point with less damage compared to the solid one. In this study, a cylindrical striker is adopted to study the effect of using hollow fibers on the impact damage of unidirectional composites under low-velocity impacts.
EXPERIMENTAL Material
The yarns used for the experimental work were composed of 72 fully-drawn polyester hollow and solid filaments with circular cross-sections. The total effective cross-section areas of the solid fibers were 16% more than those of the hollow fibers. Some of the Physical and mechanical properties of the yarns are listed in 
Composite Fabrication
In an attempt to fabricate composite test specimens expeditiously, the strand of fibers was wound unidirectional over a ten-centimeter diameter mandrel after impregnation in a resin bath on an industrial filament winding device. Once the mandrel was completely covered by resinous fibers to the desired thickness, the mandrel was placed for one hour in an oven at 60 º C temperature to cure the resin. Eventually, three cylindrical composite tubes with 4.5 mm of wall thickness reinforced by hollow, solid and hybrid fibers were formed.
The composite cylinders were cut to 2 cm width rings by a fine band saw appropriate for cutting plastics. Each ring was, then, cut to four equal convex pieces in order to have proper samples for three-point bending dynamic test. The specimens were preserved in a Sanyo MIR 583 incubator (at normal condition) to avoid facing undesired changes in humidity and temperature.
Microscopy
A small piece of each sample was mounted in EpoFix EPOFI epoxy resin and was polished by Struers automated instrument after curing in the pressure chamber. The grinding process was carried out by 600, 1200, 2400 and 4000 Struers silicon carbide paper under the flow of water. The prepared specimens were inspected with a Leica DM 2500 microscope. Image analysis software, OPTIMAS 6.5, was implemented to obtain the volume fraction of resin, fibers and hollow spaces in the composites.
Impact Tests
Instron Dynatup 8250 drop-weight impact machine was employed to perform low-energy/low-velocity impact on the simply supported specimens. The schematic representation of the impact test set-up is shown in Figure 1 . Eight specimens from each composite type were subjected to impact by a cylindrical head striker with 5 mm radius. The striker was dropped from five different heights with the same weight (2655 gr) to gain different impact energies.
The contact force during impact was measured by a 5 kN Kistler force cell (9001A) located on the falling tup, and was recorded by a Yokogawa DL 1540 digital oscilloscope. The displacement of the head was measured by using a Meter Drive ZAM 301 AAS linear encoder with the resolution of 0. hollow channels in hollow and hybrid samples was taken into consideration in fiber volume fraction. The hollow spaces cause 9% reduction in the density of hollow fiber samples and 4.6% reduction of hybrid ones. It should be mentioned that the density of samples was calculated by the measured mass of composites divided by their measured volumes.
The impact effect on all damaged samples was in the form of a crack appeared along the fiber direction being easily detected by a stereo microscope (Leica M125) (Figure 2) . Since the test specimens were thick, there was a transverse stress at their bottom surface. In order to have a better knowledge from the impact damage behavior, a finite element analysis of impact event was implemented on a unidirectional composite curved specimen model with the same geometry as the real specimens.
For finite element formulations, three-dimensional rigid body elements were used for the rigid body parts such as supports and striker, while eight solid element nodes were utilized for the specimen. Since the specimens were free during the test procedure, for the boundary conditions, all degrees of freedom for the specimen supports were fixed while the striker could be only moved in the y direction with the initial velocity of 1 m/s. The friction between all parts was ignored. Figure 3 shows the stress contour of the deformed specimen at the maximum deflection in the transverse direction. It can be derived from the figure that the stress at the bottom surface is a tensile stress. Figure 4 illustrates the transverse tensile stress distribution along the path (1) pointing that the maximum transverse stress is at the center of the sample so that the crack can be initiated from the point at the distal side of the target opposite to the projectile/specimen contact point. The crack grows afterward along the fibers direction through the samples thickness. It should be mentioned that the damage through thickness does not reach to the contact point between the striker and the composite. Also, the crack is not continued the whole length of the samples along the fiber direction. There are three possible modes of material failure for unidirectional composites under transverse tension: failure at fiber-matrix interface, the failure of matrix, and fiber failure [12] . The microscopic image of the crack at the cross-section of the impacted specimens demonstrates that all of material failure modes happened in them; however, the most prevailing mode was the fiber-matrix interface failure ( Figure  5) . FIGURE 5 . Interface debonding at the back surface of a cracked hollow specimen.
Although all three sample types were at the same range of fiber volume fraction, the empty canals in the hollow fibers decreased the sample weight. This would make it difficult to compare the results of solid, hollow and hybrid composites. As a basic principle, it can be declared that the best comparison procedure could be among specimens with an equal weight of fiber materials.
On the other hand, some researchers have fabricated some composites with the equal weight of fibers at the same fiber volume fraction. The increase of the thickness and accordingly the increase of the second moment of area in hollow fiber specimens, have led to higher bending stiffness [10] [11] . In such cases, the difference in the thickness of samples affects the results of impact tests in an abnormal way. Hence in this study, the specific properties normalized by the density (r) of the specimens were considered.
The findings of this study verify that the impact energy is initially absorbed by the elastic deformation prior to the energy value at which the crack is initiated. An abnormal fluctuation can be observed in the load-displacement profile of all cracked specimens ( Figure 6 ). This can be the evidence of crack initiation. FIGURE 6 . Load-deflection profiles of three types of specimens for 5J energy of impact.
There is not considerable mutation in the trend of the profiles after point (A) in Figure 6 . This is because the cracks are perpendicular to the deflection direction and cannot play any momentous role in the bending behavior and consequently in the energy absorption process.
The energy introduced to a composite specimen (the impact energy) represents the maximum energy transferred to the plate by the striker during the impact event. The impact energy is calculated from the associated load-deflection curve to the maximum displacement point. The energy absorbed by the specimen (absorbed energy) for the non-penetrative impact event with a closed load-deflection curve is equal to the area enclosed in the hysteresis produced by the load-deflection curve. Figure 7 demonstrates the differences between specific energy absorptions of hollow, hybrid and solid fiber composite samples. According to Duncan's multiple range test (P < 0.05), for the impact energy of 1.58J and 2.92J the measured means of specific absorbed energy for solid and hybrid composites can be classified into one group. However, they indicate a significant difference with hollow fiber ones. Furthermore, for three composite types, there are significant differences among their specific absorbed energy means at different levels of impact energy. These show the superiority of hollow fiber composites in energy absorption. It can be deduced from the former discussions that the superiority of hollow fiber composites in energy absorption is not due to their damages. This might be as a result of the cross-sectional ovalization of hollow fibers at the impact point.
The main criterion for comparison in this study is the number of damaged specimens at each level of impact energy. The variation in the number of cracked specimens is shown in Table III . The most significant result that can be pointed in this table is that the number of the cracked specimens is reduced by increasing the amount of hollow fibers. In other words, in hollow fiber composites, the crack initiation, which is considered at 50% damaged samples, occur at the impact energy as twice as in the solid fiber ones.
To explain this behavior, it can be suggested that hollow fibers can be elliptically deformed under the tensile loading which is occurred at the bottom surface of specimens in the transverse direction.
Therefore the stress concentration at the interface is reduced and consequently the interface cracking, which is the most prevailing mode of failure in this research, is decreased.
CONCLUSIONS
In the present study, hollow, solid and hybrid fullydrawn polyester fibers are used to fabricate unidirectional convex composite laminates. Lowvelocity impact tests are applied on the simply supported specimens by a drop weight impact test apparatus at five levels of energy. The tolerance of specimens in the case of crack initiation is dramatically increased in the hollow fiber specimens due to the decrease in the stress concentration at the interface.
Contrary to brittle hollow glass fibers, which are crushed at the impact point, hollow polyester fibers are easily deformed due to their ductile nature. Hollow polyester cylinders are elastically deformed to elliptical shapes when they are subjected to the transverse compression at the impact point and the transverse tension at the bottom surface. This ability might explain why hollow ductile fibers are an appropriate option for composite materials, especially for surface layers. Eventually it can be concluded from the findings of this study that hollow ductile fibers can lead to a lower weight and increase the impact damage tolerance of laminates.
